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The superantigen staphylococcal enterotoxin B (SEB) simultaneously binds both the major histocompati-
bility complex (MHC) class II receptor on monocytes and the T-cell receptor (TCR) on T lymphocytes,
resulting in a range of cell responses including induction of tumor necrosis factor alpha (TNF-a). In this study,
we have used mixed cultures of human peripheral blood monocytes and lymphocytes to investigate biochemical
events controlling SEB induction of TNF-a. TNF-a production induced by SEB in mixed cultures is more
closely associated with T cells than with monocytes: (i) a TCR-binding-site mutant of SEB (N23F) is less active
in TNF-a induction than an MHC class II receptor-binding-site mutant (F44R), and (ii) flow cytometric
analysis indicated that SEB induced TNF-a production in T cells but not in monocytes. Pretreatment of cells
with inhibitors of signal transduction pathways was employed to further define events in SEB-induced TNF-«
production. Neither protein kinase A inhibitors nor two protein tyrosine kinase inhibitors altered SEB-induced
TNF-a production. In contrast, SEB induced protein kinase C (PKC) translocation, and pretreatment of
cultures with inhibitors of PKC blocked TNF-« induction. Alteration of levels of diacylglycerol (DAG), an
activator of PKC, by treatment with inhibitors of phospholipase C or DAG kinase also altered SEB-induced
TNF-a production. These data suggest that PKC activation plays a critical role in SEB-induced TNF-a
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production in human T cells.

Originally characterized for their ability to induce the emesis
and diarrhea associated with food poisoning (5), staphylococ-
cal enterotoxins (SEs) also exhibit biological activities that can
lead to lethal shock (29, 39). SEs constitute a group of nine
serologically distinct (types A to E and G to J) proteins that
have sequence and structural homologies and are members of
the functionally related family of pyrogenic exotoxins (8) that
includes streptococcal pyrogenic exotoxin and toxic shock syn-
drome toxin 1 (TSST-1).

These toxins function as superantigens (29), exhibiting the
ability to activate large numbers of T cells. This property is a
result of the toxin’s bifunctional interaction with both the ma-
jor histocompatibility complex (MHC) class II receptors on
antigen-presenting cells such as monocytes and the T-cell re-
ceptor of T lymphocytes expressing specific VB chains to which
an individual toxin binds (22). For several of the toxins, includ-
ing staphylococcal enterotoxin B (SEB), the structural domains
and amino acid residues participating in these receptor inter-
actions have been identified and three-dimensional structural
analyses of the binding of toxin to the MHC class II receptor
and T-cell receptor have been described elsewhere (19, 23, 25).

Binding of cell surface receptors leads to activation of gene
expression through enlistment of signal transduction pathways.
These pathways consist of a cascade of biochemical events that
can include activation of a variety of kinases including protein
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tyrosine kinases (PTKs), protein kinase C (PKC), or protein
kinase A (PKA). These kinases in turn modify other factors
that control individual gene expression. One or more of these
kinases may participate in controlling a gene’s expression. Li-
gand engagement of MHC class II receptors and T-cell recep-
tors activates such signal transduction events (9, 18).

The superantigen activity of SEs results in induction of T-
cell proliferation and in synthesis of a variety of cytokines
including interleukin-1 (IL-1), IL-2, IL-6, gamma interferon,
and tumor necrosis factor alpha (TNF-«) (24). It is the massive
release of such cytokines that is thought to contribute to the
immune dysfunction characteristic of superantigen toxicity in-
cluding lethal shock (29). TNF-«a is an important cofactor in
endotoxic shock (13). It mediates SEB-induced lethality in
mouse models that involve both MHC class II and T-cell in-
teractions (28, 33, 46).

TNF-a induced by superantigen can be produced by both
monocytes and T cells (1, 15, 30). Previous studies have exam-
ined the induction of TNF-a by SEA, SEB, or TSST-1 (15, 30,
38, 42, 43). In this study, we wished to characterize the induc-
tion of TNF-a by SEB in mixed cultures of human monocytes
in the presence of lymphocytes. We wanted to determine which
cell types produce TNF-a under these culture conditions and
which signal transduction pathways are involved. In order to
examine the induction of TNF-a by SEB, we have employed
receptor-binding mutants of SEB, immunodetection and FAC-
Scan analysis of TNF-a-producing cells, and inhibitors of sig-
nal transduction pathways.

MATERIALS AND METHODS

Reagents. SEB, lot 14-30, was obtained from the U.S. Army Research Institute
of Infectious Diseases, Frederick, Md. SEB mutants F44R and N23F were
constructed by site-directed mutagenesis and purified as described previously
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(35). The inhibitors genistein, H7, sphingosine, chelerythrine chloride, HA1004,
H89, U73122, R59949, and tyrophostin 23 were purchased from Biomol (Ply-
mouth Meeting, Pa.). Phorbol 12-myristate 13-acetate (PMA) and the inhibitor
tyrophostin AG1288 were obtained from Calbiochem (La Jolla, Calif.). Fluores-
cein isothiocyanate (FITC)-mouse immunoglobulin G1, CD3(Leu-4)-phyco-
erythrin (PE), and CD14(Leu-M3)-PE were from Becton Dickinson (Mansfield,
Mass.). FITC-anti-human TNF-a monoclonal antibody (MAb) and monensin
were from PharMingen (San Diego, Calif.).

Preparation of human monocytes and lymphocytes. Peripheral blood mono-
nuclear cells were prepared from leukopacks from normal donors by centrifu-
gation over lymphocyte separation medium as described previously (21). Mono-
cytes and lymphocytes were then further purified from these preparations by
counterflow centrifugation-elutriation with pyrogen-free Ca>*- and Mg>"-free
phosphate-buffered saline as the eluant. This method resulted in cell prepara-
tions containing 95 to 99% of the indicated cell type with viability greater than
95%. Unless indicated otherwise, monocytes and lymphocytes were mixed in a
1:4 ratio prior to use. That ratio had been found in earlier studies (21) to provide
near-maximal proliferative response. For all experiments, cells were cultured in
a humidified atmosphere (5% CO,) in RPMI 1640 medium containing glutamine
and supplemented with 10% human AB serum.

Proliferation in cultures of human lymphocytes and monocytes in response to
SEB. The experiments were carried out as described previously (21). Briefly,
monocytes (0.5 X 10° cells per well) and lymphocytes (2.0 X 10° cells per well)
were mixed in medium and plated in 96-well plates. Native SEB or SEB mutant
proteins were added to appropriate wells (total volume, 200 wl), and the cultures
were incubated for 72 h. One microcurie of [*H-methyl|thymidine per well was
incubated with the cells for the final 18 h. The cells were collected on filter plates
by using a multiwell harvesting device. Microscint-O liquid scintillation cocktail
(Packard Instruments, Meriden, Conn.) was added to dried filter plates, and
radioactivity was determined with the Top Count scintillation counter (Packard
Instruments). Six replicates of each sample were tested in each experiment, and
each experiment was repeated at least three times. Examination of proliferation
in the presence of various inhibitors of proliferation was carried out by adding
the inhibitors to the appropriate wells 30 min before addition of SEB at a final
concentration of 50 ng/ml. The remainder of the assay was carried out as de-
scribed above.

TNF-a production in response to SEB or PMA. Monocytes and lymphocytes
were mixed in the ratio 1:4, unless indicated otherwise. The cell mixture was
plated at a density of 10° cells/well in four replicates in 24-well plates. Inhibitors
were preincubated with the cells for 60 min, after which time SEB, PMA, or
medium was added to individual wells to bring the total volume to 1 ml. Cells
were cultured for 20 h. Culture medium was obtained from four replicates, and
each was centrifuged to remove any precipitates. Supernatant solutions were
used for TNF-« analysis. The amount of TNF-« released in culture medium was
determined by using a commercial human TNF-a enzyme-linked immunosor-
bent assay (ELISA) kit (R&D Systems, Rochester, Minn.) according to the
manufacturer’s instructions.

Protein assay. Protein concentrations of samples were determined by the
Bio-Rad protein assay (Hercules, Calif.) according to the manufacturer’s instruc-
tions.

PKC assay. Monocytes and lymphocytes were mixed in a ratio of 1:4 in
medium. A total of 2 X 107 mixed cells were incubated in microcentrifuge tubes
in the presence of 100 ng of SEB per ml. At the times indicated, cells were
collected by centrifugation, washed once with ice-cold phosphate-buffered saline,
and then resuspended in 0.5 ml of ice-cold lysing buffer (20 mM Tris-HCI [pH
7.5], 5 mM EDTA, 10 mM EGTA, 0.3% [wt/vol] 2-mercaptoethanol, 10 mM
benzamidine, and 1 mM phenylmethylsulfonyl fluoride). The cells were lysed by
sonication on ice for 30 s. Cell lysates were centrifuged at 100,000 X g for 60 min
at 4°C, and supernatant solutions were collected as cytosolic fractions. The
pellets were resonicated for 20 s in 0.5 ml of lysing buffer containing 1% Triton
X-100 and then rocked gently for 60 min in an ice bath. After centrifugation at
50,000 X g, supernatant solutions were collected as solubilized membrane frac-
tions. PKC activity was measured in duplicate with a nonradioactive protein
kinase assay kit (Calbiochem). A dilution series of PKC preparations from rat
brain (Calbiochem) was used in each assay to produce a standard curve for use
in determining relative PKC activity in the test samples. PKC activity was ex-
pressed as units per microgram of protein in each fraction.

PTK assay. A total of 107 premixed cells (1:4) were incubated with 100 ng of
SEB per ml for the time indicated. After being washed once with phosphate-
buffered saline containing 1 mM sodium vanadate, cells were lysed on ice for 5
min in 0.5 ml of RIPA buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 1 mM
dithiothreitol, 0.5 mM EDTA, 1.0% Nonidet P-40, 0.5% sodium deoxycholate,
0.15% sodium dodecyl sulfate, 100 g of phenylmethylsulfonyl fluoride per ml, 1
ng of aprotinin per ml, 2 pg of leupeptin per ml, and 100 pM sodium vanadate),
followed by homogenization with 10 10-s bursts on a microsonicator. The ho-
mogenates were centrifuged at 10,000 X g for 10 min at 4°C, and supernatant
solutions were collected as total protein extracts. PTK activity was determined
with a nonradioactive tyrosine kinase assay kit (Boehringer Mannheim, India-
napolis, Ind.), with two different biotin-labeled peptides as PTK substrates. Each
peptide is specific for different classes of PTK. Total PTK activity was measured
by using a mixture of equal amounts of both peptides as substrates in the PTK
assay. A series of diluted prephosphorylated peptides (provided with the kit)
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FIG. 1. Effect of cell ratio on induction of TNF-a by SEB. Purified mono-
cytes and lymphocytes were mixed in different cell ratios and plated in 24-well
plates in four replicates at a density of 10° cells/well. Cells were cultured for 20 h
in the presence of 10 (filled bars) and 100 (striped bars) ng of SEB per ml.
Culture media were collected and assayed in duplicate for TNF-a production.

were used as standards to calculate the amount of phosphopeptide in PTK
reactions. PTK activity was expressed as picomoles of phosphopeptide per
minute per microgram of protein.

FACScan analysis of TNF-a expression. FACScan flow cytometry in combi-
nation with an intracellular cytokine staining method (14) was employed to
analyze TNF-a gene expression in situ. Cell permeabilization was achieved by
using the cell fixation-permeabilization kit obtained from PharMingen. Purified
monocytes and lymphocytes were mixed in a ratio of 1:1. A total of 10° mixed
cells in medium were added to 15-ml tubes and incubated with or without 100 ng
of SEB per ml for 6 h at 37°C in the presence of 2 uM protein transport inhibitor
monensin. Cells were harvested by centrifugation at 500 X g for 7 min, resus-
pended in 1 ml of staining buffer containing 0.25% inactivated mouse serum, and
then incubated at 4°C for 15 min to block Fc receptors. Samples were divided
into two test tubes, and fluorescently tagged reagents were added to identify cell
type by using either 20 .l of the anti-T-lymphocyte antibody CD3(Leu-4)-PE or
the antimonocyte antibody CD14(Leu-M3)-PE to stain the cells for 30 min at 4°C
in the dark. After being washed twice with 1 ml of staining buffer, cells were
resuspended in 250 pl of Cytofix/Cytoperm solution followed by incubation in the
dark at 4°C for 20 min. The fixed and permeabilized cells were washed twice with
1 ml of Perm/Wash solution and thoroughly resuspended in 50 pl of Perm/Wash
solution containing 0.5 pg of FITC-anti-TNF-a MADb, followed by incubation for
30 min at 4°C in the dark. To establish the degree of nonspecific binding, control
and SEB-stimulated cells were stained with 0.5 pg of FITC-mouse immunoglob-
ulin G1. Stained cells were washed twice with 1 ml of Perm/Wash solution and
resuspended in 1 ml of staining buffer. Samples were analyzed on a FACScan
flow cytometer (Becton Dickinson). The typical forward and side scatter gates for
lymphocytes and monocytes (with cells stained with CD3, CD14, or the nonspe-
cific stain) were set respectively to exclude any dead cells. Within this gate, 10,000
events were acquired per sample. Two-parameter dot plots demonstrating cyto-
kine and cell marker staining were generated by using the LYSIS II software
(Becton Dickinson), and quadrant statistics were set on the basis of staining
controls.

RESULTS

Induction of TNF-a by SEB. In order to study events in-
volved in the production of TNF-a by SEB, we first examined
parameters controlling induction in mixed cultures of human
lymphocytes and monocytes. Initial time course experiments
indicated that increased TNF-a levels in culture fluids began
4 h after addition of SEB, reached maximal levels by 17 h, and
remained constant through 24 h. For subsequent experiments,
levels of production of TNF-a were measured at 20 h following
addition of toxin, except where indicated. In previous studies,
a ratio of monocytes to lymphocytes of 1:4 in mixed culture was
optimal for SEB induction of proliferation of lymphocytes
(21). Similarly, we found that levels of TNF-a induced by SEB
varied with different combinations of monocytes and lympho-
cytes (Fig. 1). The maximal level for SEB induction of TNF-«
occurred at a 1:4 ratio of monocytes to lymphocytes. This cell
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FIG. 2. Dependence on concentration of SEB for TNF-a induction. Cells
were plated in four replicates at a density of 10°well and then cultured for 20 h
in the presence of different concentrations of SEB. Culture media were collected
and assayed in duplicate for TNF-a production. (A) Monocytes (A), lymphocytes
(0), and mixed cells (O). (B) Monocytes alone in the presence of high concen-
trations of SEB.

ratio was employed in all subsequent experiments, except
where indicated.

Dependence on mixed culture for SEB induction of TNF-a.
We wished to determine whether TNF-« induction by SEB
requires mixed cultures of lymphocytes and monocytes or can
occur with either cell type alone. For this purpose, lympho-
cytes, monocytes, or mixed cells were incubated with increasing
doses of SEB (Fig. 2A). In mixed culture, a dose of SEB as low
as 10 ng/ml was sufficient to induce 50-fold-greater amounts of
TNF-a (500 pg/ml) compared to the untreated negative con-
trol (~10 pg/ml). TNF-a production reached a plateau at 100
ng of SEB per ml. This concentration was used as our standard
in subsequent experiments. In the absence of monocytes, SEB-
treated lymphocytes responded with increased levels of
TNF-a. However, the response was significantly less than that
exhibited by mixed culture even at a high dose of toxin (17% of
response of mixed cells at 1,000 ng of SEB per ml).

In contrast, monocytes alone did not secrete significant
amounts above control of TNF-a at concentrations of SEB
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ranging from 10 to 1,000 ng/ml (Fig. 2A). Previous studies had
reported that SEB activated TNF-a gene expression in human
monocytes (30, 38) and in the human monocytic cell line
THP-1 in the absence of T lymphocytes (43). However, the
concentrations of toxin used in those studies (1 to 10 pg/ml)
were greater than our standard dose of 100 ng/ml. Therefore,
we examined the response of monocytes exposed to higher
concentrations of SEB (1 to 20 pg/ml). Although high doses of
SEB did stimulate TNF-a production in monocytes alone (Fig.
2B), the levels of TNF-a induced by the highest dose of SEB
tested (20 pg/ml) were only 18% of those seen in mixed culture
exposed to 100 ng of SEB per ml.
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FIG. 3. Comparison of SEB and SEB mutant proteins F44R and N23F for
stimulation of TNF-a production (A) and proliferation (B). Symbols: [J, SEB; A
and O, SEB mutants F44R and N23F, respectively. (A) Monocytes and lympho-
cytes (1:4 ratio) were plated in four replicates and cultured for 20 h in the
presence of varying concentrations of toxin. Culture media were collected, and
TNF-a production was analyzed in duplicate. Statistical analysis (¢ test) of sig-
nificant differences compared to native SEB showed P < 0.001 at the concen-
trations 25 to 100 pg/ml for mutant protein N23F and at 25 and 50 pg/ml for
mutant protein F44R. (B) Incorporation of [*H-methyl]thymidine in mixed cul-
ture was determined after exposure to toxin for 72 h. The data are averages of
three experiments done in replicates of six. Statistical analysis (¢ test) of signif-
icant differences compared to native SEB showed P < 0.001 at the concentra-
tions 6 to 100 ng/ml for mutant protein N23F and at 6 to 50 ng/ml for mutant
protein F44R.
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FIG. 4. FACScan analysis of TNF-a expression in monocytes and lymphocytes. Monocytes and lymphocytes (5 X 10° each) were mixed and incubated for 6 h with
100 ng of SEB per ml in the presence of 2 uM monensin. Samples were fixed and then permeabilized and stained with cell-type-specific antibody and analyzed on a
FACScan flow cytometer. Negative controls (A and C) were without SEB. Samples were stained with anti-CD3 or anti-CD14 antisera to identify the following:
lymphocytes (A), lymphocytes plus SEB (B), monocytes (C), and monocytes plus SEB (D).

TNF-o induction by SEB mutants. Mutation analysis of SEB
had revealed that residue phenylalanine-44 (F44) is important
to the binding of SEB to the MHC class II receptor on mono-
cytes and that residue asparagine-23 (N23) is critical for inter-
action with the T-cell receptor (23). To examine the role which
binding of SEB to MHC class II receptor or T-cell receptor
plays in TNF-a induction, we compared levels of TNF-a in-
duction by native SEB and by two amino acid substitution
mutants that we constructed. Mutant F44R contains an argi-
nine substitution for F44 and mutant N23F contains a phenyl-
alanine substitution for N23. At SEB concentrations of 25
ng/ml or less, neither mutant induced a significant TNF-«a
response (Fig. 3A). However, at a higher dose (100 ng/ml)
F44R activity approached 77% of that of the native toxin
response, whereas N23F exhibited only 28% of native SEB
activity. Similar behavior was exhibited by these mutant toxins
when examined in a proliferation assay. As in the TNF-a re-
sponse, both mutant toxins had greatly reduced activity at 25
ng/ml or less (Fig. 3B). At 50 ng/ml, F44R had 62% of the
proliferation activity of SEB while N23F was only 26% as
active. At 100 ng/ml, however, N23F had 33% of the native
toxin activity whereas the response of F44R (98%) was com-
parable to that of SEB. These results suggested that activation
of lymphocytes is critical for SEB induction of TNF-a.

FACScan analysis of TNF-a production. As another ap-
proach to identifying the cell type most responsible for TNF-a
production in response to SEB, we used FACScan analysis for
measurement of TNF-a synthesis in situ in specific cell types.
Monocytes and lymphocytes, mixed in a ratio of 1:1, were
incubated for 6 h with or without SEB (100 ng/ml) in the
presence of the protein transport inhibitor monensin so that
TNF-a molecules would accumulate in the Golgi complex.
After cell fixation and permeabilization, FITC-TNF-o MADb
was used for the intracellular staining of TNF-a. As shown in
two-parameter dot plots (Fig. 4A and B), SEB stimulation
resulted in a significantly large proportion (9.7%) of T lym-
phocytes (CD3 positive, x axis) producing TNF-o (y axis) com-
pared to that of nonstimulated cells (0.58%). SEB treatment
(Fig. 4C and D) also increased the numbers (0.89%) of mono-
cytes (CD14 positive, x axis) producing TNF-a compared to
the nonstimulated control (0.04%). However, the overall num-
bers of TNF-a-positive monocytes were more than 10-fold
lower than the numbers of TNF-a-positive lymphocytes (0.89
versus 9.7%) induced by SEB. This result indicates that lym-
phocytes and not monocytes are the predominant producers of
TNF-a in response to SEB in a mixed culture of human cells.

Inhibition of SEB-induced TNF-a production by PKC in-
hibitors. We wished to identify the signal transduction path-
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FIG. 5. Effect of PKC inhibitors on induction of TNF-a by SEB. Monocytes
and lymphocytes were plated in four replicates; incubated with either sphin-
gosine (), chelerythrine (O), or H7 (OJ) for 60 min followed by stimulation with
100 ng of SEB per ml for 20 h; and then analyzed for TNF-a. Statistical analysis
(¢ test) of significant differences compared to SEB alone showed P < 0.05 at the
concentrations 10 and 20 pM for H7 and at 20 pM only for the other two
inhibitors.

ways that may be involved in converting the cell surface recep-
tor binding of SEB into the induction of TNF-a. For this
purpose, we employed inhibitors of different kinases involved
in signal transduction to determine which, if any, blocked SEB-
induced TNF-a production. We first examined the role of PKC
in the response by treating mixed cultures of monocytes and
lymphocytes for 60 min before SEB stimulation with increasing
doses of three specific PKC inhibitors, H7 (20), sphingosine
(17), and chelerythrine (11). As shown in Fig. 5, treatment of
cells with PKC inhibitors resulted in a substantial reduction in
TNF-a secretion, and the inhibitory effect occurred in a dose-
dependent manner. Trypan blue exclusion studies indicated no
loss of cell viability in response to these inhibitors at tested
concentrations, indicating that the cells were not obviously
damaged by use of the inhibitors. These inhibitors also blocked
SEB-induced cell proliferation (data not shown).

PKC translocation induced by SEB. We next examined the
ability of SEB to activate PKC by inducing its translocation
from cytosolic to membrane fractions in mixed cultures of
monocytes and lymphocytes. Incubation of cells with 100 ng of
SEB per ml resulted in a significant increase in membrane-
associated PKC activity and a concomitant decrease in cytosol-
associated PKC activity (Fig. 6). This translocation of PKC was
observed as early as 15 min after SEB exposure.

Inhibition of induction of TNF-« by PLC inhibitor. Phos-
pholipase C (PLC) plays a central role in the activation of PKC
through its production of diacylglycerol (DAG), an activator of
PKC (36). Inhibition of PLC may indirectly inhibit PKC and
thus effect TNF-a induction. To investigate the involvement of
PLC in TNF-a induction, we examined the effect of U73122, a
PLC inhibitor (7), on TNF-a production induced by SEB. Cells
were incubated with different doses of the inhibitor for 60 min
to block the effect of PLC and then stimulated with 100 ng of
SEB per ml. Results shown in Fig. 7 indicate that pretreatment
of cells with the PLC inhibitor U73122 caused a significant
reduction of TNF-a production, and this inhibitory effect ap-
pears to be dose dependent.

Stimulation of SEB-induced TNF-a production by a DAG
kinase inhibitor. To explore the possibility that DAG plays a
role in TNF-« induction by SEB through its activation of PKC,
we studied the effect of the DAG kinase inhibitor, R59949, on
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SEB-induced TNF-a production. R59949 elevates intracellular
DAG levels by blocking one of DAG’s degradation pathways
(12). If DAG plays a role in SEB-induced TNF-a production,
it is expected that preincubation of cells with R59949, inhibit-
ing DAG degradation, should result in an increase of TNF-a
synthesis. SEB was used at 10 ng/ml in order to be in a low-
linear range of TNF-a production by SEB, so that increases in
its production could be observed. As shown in Table 1, pre-
treatment of cells with R59949 did increase SEB-induced
TNF-a production (30%).

The effect of PKA and PTK inhibitors on SEB-induced
TNF-a production and proliferation. We used other specific
inhibitors to determine if other kinase activities regulated
SEB-stimulated TNF-a production or proliferation of lympho-
cytes. To determine whether PKA was involved in SEB-in-
duced TNF-a production, cells were incubated with two PKA-
specific inhibitors, HA1004 (45) and H89 (2), for 60 min,
followed by SEB stimulation. As shown in Table 2, treatment
of cells with PKA inhibitors did not cause significant decreases
either in TNF-a production or in proliferation.

In order to assess the role of PTK, cells were treated with
three PTK inhibitors for 60 min prior to SEB stimulation. It
was observed that both tyrophostin 23 and AG1288 were unable
to block either TNF-a production or proliferation (Table 2).
However, a less-specific PTK inhibitor, genistein, suppressed
both TNF-a production and proliferation by approximately
50% (Table 2). Genistein has been shown elsewhere to inhibit
PKC activity (16, 27). Since the data presented here suggest
that PKC is involved in TNF-a gene expression, inhibition of
SEB-induced TNF-a could result from the nonspecific effects
of this inhibitor. To address this possibility, we studied the
effect of genistein on TNF-« induction by PMA, a well-known
PKC activator (3). As shown in Table 3, like PKC inhibitors H7
and sphingosine, genistein was able to block PMA-induced
TNF-a secretion, suggesting that its inhibitory effect on SEB-
induced TNF-a production is through its effect on PKC and
not PTK.

The effects of SEB on total PTK activity. We measured the
effects of SEB on total PTK activity, in a further attempt to
resolve the contradictory data obtained from our PTK inhibi-
tor studies examining the role of PTK in TNF-a production
induced by SEB. Mixed monocyte and lymphocyte cultures
were stimulated with 100 ng of SEB per ml for the time indi-

LI
= 0.6
\—-g
o)
58 051
.5 01[)
85
ééf;:», 0.4+
ay
0.3
L] T T T 1 T 1

0 5 10 15 20 25 30 35

Incubation time (min)

FIG. 6. Induction of translocation of PKC by SEB. A total of 2 X 107
monocytes plus lymphocytes (1:4 ratio) were stimulated with 100 ng of SEB per
ml for the time indicated. Cytosolic ((J) and membrane (A) fractions were
prepared as described in the text. The activity is expressed as units per micro-
gram of protein.
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FIG. 7. Inhibition of SEB-induced TNF-a production by PLC inhibitor
U73122. Monocytes and lymphocytes (1:4 ratio) were plated in four replicates
and incubated with different doses of the PLC inhibitor U73122 for 60 min
followed by stimulation with 100 ng of SEB per ml. Media were collected and
analyzed in duplicate for TNF-a production. Statistical analysis (¢ test) of signif-
icant differences compared to native SEB showed P < 0.05 for all concentrations
of inhibitor used.

cated, and total PTK activity in cell lysates was determined
(Fig. 8). Total PTK activity did not significantly increase after
SEB stimulation.

DISCUSSION

We have attempted to determine the cells primarily involved
in SEB-induced TNF-a production in mixtures of human
monocytes and lymphocytes and to identify signal transduction
pathways mediating this event. Our results indicate that, at low
concentrations of SEB (100 ng/ml), efficient production of
TNF-«a requires the presence of both lymphocytes and mono-
cytes and that, in such mixed cultures, lymphocytes are the
predominant producer of TNF-a. Our results also suggest that
PKC plays an important role in SEB-induced TNF-a produc-
tion.

In a mixed culture of monocytes and lymphocytes, SEB
induced significant amounts of TNF-a (Fig. 2A). At concen-
trations as low as 10 ng/ml, SEB induced levels of TNF-a
50-fold greater than those in untreated cells. In contrast, lym-
phocytes alone had a much lower response, producing at most
only 17% of the amount found in mixed culture at 1,000 ng/ml.
This limited response may be attributable to the presence of
low levels of antigen-presenting cells in our lymphocyte prep-
arations. Unlike lymphocytes alone, monocytes alone did not
secrete significant amounts of TNF-« at SEB concentrations of
10 to 1,000 ng/ml (Fig. 2A). Thus, both cell types are required
for an efficient response. A similar requirement for the pres-
ence of both monocytes and lymphocytes together has been

TABLE 1. Enhancement of TNF-a production by DAG
kinase inhibitor®

Stimulus TNF-a (pg/ml)

27.9 * 3.2°
. 5467+ 1.2
................................................................. 711.5 + 20.5°

“ Mixed cells were plated in four replicates and incubated with 1 pM R59949
for 60 min followed by stimulation with 10 ng of SEB per ml for 20 h. Media were
collected and analyzed in duplicate for TNF-a.

b Statistical analysis (¢ test) of significant differences compared to SEB alone
showed P < 0.001.

INFECT. IMMUN.

TABLE 2. Effects of PKA and PTK inhibitors on TNF-« induction
and proliferation

Inhibitor Enzyme  TNF-a production b s ration® (9)
target (pg/ml)

None (SEB alone) 2,377.6 = 59.4 100
H1004 2,345.7 = 18.0  Not determined
HS89 PKA 2,379.0 = 95.6 983 = 4.1
Tyrophostin 23 PTK 2,479.0 = 47.8 97.4 33
AG1288 PTK 2,474.7 = 69.6 101.7 = 6.8
Genistein PTK-PKC  1,357.6 = 1.5¢ 53.4 2.9

“ For TNF-a determinations, cells were plated in four replicates and incubated
with inhibitors H89 (100 nM), HA1004 (20 pM), genistein (20 wM), tyrophostin
23 (20 uM), and AG1288 (20 wM) for 60 min followed by stimulation with 100
ng of SEB per ml for 20 h. Media were collected and analyzed in duplicate for
TNF-a by using ELISA Kits.

® For proliferation, mixed cultures of monocytes and lymphocytes (1:4 ratio)
were plated in replicates of six and incubated with the inhibitors as indicated
above for 30 min prior to addition of SEB at 50 ng/ml (see Fig. 3B). Thymidine
incorporation was determined as described in Materials and Methods. Lower
concentrations of genistein did not show inhibition.

¢ Statistical analysis (¢ test) of significant differences compared to SEB alone
showed P < 0.05.

@ Comparisons were made for each inhibitor with SEB alone, and significant
differences were determined by analysis with Student’s ¢ test. Indicated values
showed P < 0.0005.

reported elsewhere for induction of TNF-a by SEA (15) and
TSST-1 (42). Moreover, incubation of monocytic cell line
THP-1 with SEB did not activate TNF-a gene expression (31).
Our results (Fig. 2B) and those of others (43) indicate that, at
high concentrations of SEB (1 to 10 wg/ml), monocytes do
express increased levels of TNF-a but at amounts that are
much lower than those found in mixed culture.

SEB-induced TNF-a production is mediated by both MHC
class II receptors on monocytes and T-cell receptors on lym-
phocytes (4, 33). Mutant SEB proteins with an amino acid
substitution in either the toxin’s MHC class II receptor binding
site (F44R) or the T-cell-receptor binding site (N23F) exhib-
ited substantial reductions in the ability to induce TNF-« (Fig.
3A) as well as proliferation (Fig. 3B) at low concentrations of
mutant toxin. At higher concentrations, both mutants exhib-
ited activity. However, the T-cell-receptor-binding mutant was
still significantly less active than either native toxin or the
MHC class II-receptor-binding mutant, for induction either of
TNF-a or of proliferation. This result suggests a more impor-
tant role for T cells in SEB-induced TNF-a production.

Although it is well defined that SE toxin-reactive T cells are
responsible for the production of cytokines such as IL-2 and
gamma interferon, the cell type which secretes TNF-a after
SEB stimulation is less certain (32), especially when mixed
populations consisting of monocytes and lymphocytes are used.
FACScan analysis (Fig. 4) of SEB-treated mixed culture (1:1

TABLE 3. Inhibition of PMA-induced TNF-« by various inhibitors®

Inhibitor TNF-a (pg/ml)
IO« ettt ettt st sae et sa e senes 843.8 £35.5
Genistein 410.5 = 3.5°
Sphingosine 320.9 + 19.0°
HT oottt sss st 147.0 = 39.0°

“ Lymphocytes were plated in 24-well plates at a density of 10%well in four
replicates and incubated with the inhibitor H7 (20 uM), sphingosine (20 uM), or
genistein (20 pM) for 60 min. Cells were cultured for 20 h in the presence of 50
ng of PMA per ml. Culture media were collected and analyzed in duplicate for
TNF-a production by using ELISA kits.

b Statistical analysis (¢ test) of significant differences compared to SEB alone
showed P < 0.05.
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FIG. 8. Total PTK in lysates in SEB-treated monocyte-plus-lymphocyte cul-
tures. A total of 107 monocytes plus lymphocytes (1:4 ratio) were stimulated with
100 ng of SEB per ml for the time indicated. Total PTK activity in whole-cell
lysates is expressed as picomoles of phosphopeptide per minute per microgram
of protein. These data do not represent significant differences from controls.

ratio) clearly indicates that by far the greater number of TNF-
a-producing cells are T cells (9.7% of lymphocytes) rather than
monocytes (0.89% of monocytes). That only 9.7% of T cells are
TNF-a positive, when treated with a concentration (100 ng/ml)
of SEB that induces maximal levels of TNF-«, may reflect the
fact that SEB interacts only with certain subsets of T lympho-
cytes bearing specific VB regions (22). Therefore, not all T
lymphocytes would be expected to be induced by SEB. Fischer
et al. (15) found equal numbers of monocytes and lymphocytes
producing TNF-a when treated with nanogram-per-milliliter
amounts of SEA. This ratio is much higher than that seen in
this study with SEB and may reflect the specific ability of SEA
to activate monocytes in the absence of lymphocytes (31). In
any case, our in vitro results are consistent with in vivo obser-
vations, which indicated that T cells are the predominant TNF-
a-positive cells in tissues from SEB-challenged mice (6, 26).
By using various inhibitors, we have attempted to identify
signal transduction pathways that are involved in mediating
SEB-induced TNF-a production in mixed cultures of human
monocytes and lymphocytes. We examined the effect of inhib-
itors for the PKA, PTK, and PKC pathways on SEB-induced
TNF-a production and on proliferation (Table 2 and Fig. 5).
The PKA inhibitors HA1004 and H89 failed to block SEB-
induced TNF-a production (Table 2), indicating that the PKA
pathway is not involved. A similar lack of involvment of PKA
in toxin induction of TNF-« was reported for a TSST-1-treated
mixed culture of human monocytes and lymphocytes (41).
Inhibitor studies indicated that PKC was involved in TSST-1
induction of TNF-a in cultures of human monocytes and lym-
phocytes (41) and in SEB-induced IL-1B production in human
monocytes (30, 38). We addressed the possible role of PKC in
SEB induction of TNF-« by using inhibitors that suppress PKC
activity or indirectly activate this enzyme. Three inhibitors of
PKC activity, H7, chelerythrine, and sphingosine, each sup-
pressed SEB-induced TNF-a production in a mixed culture of
monocytes and lymphocytes (Fig. 5). PKC is activated by
DAG, and we reasoned that if we decreased DAG levels by
inhibiting PLC activity or increased DAG by inhibiting its
degradation by DAG kinase we could alter SEB-induced
TNF-a production. Indeed, the PLC inhibitor U73211 inhib-
ited SEB-induced TNF-a (Fig. 7), whereas the DAG kinase
inhibitor R59949 increased SEB-induced TNF-a (Table 1). In
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addition, we found that SEB induced translocation (i.e., acti-
vation) of PKC in mixed culture (Fig. 6) and that PMA, a
DAG-like activator of PKC, also induces TNF-a (Table 3).
Activation of PKC also occurred following TSST-1 or SEB
treatment of purified human monocytes (38, 44) and TSST-1
treatment of human peripheral blood mononuclear cells (10).
PMA induced IL-1B and TNF-« in purified human monocytes
(30). These results strongly support a role for PKC in mediat-
ing SEB induction of TNF-a.

Several studies suggested that PTK also might be involved in
TNF-a induction by SE. Binding of SEs to the MHC class II
receptors of purified monocytes was reported to lead to acti-
vation of src-related PTK (34). Inhibitors of PTK blocked
induction of IL-1B in TSST-1-treated THP-1 cells (40) and in
SEB-treated purified human monocytes (30). In these studies,
microgram-per-milliliter levels of toxin were used. Moreover,
PTK inhibitors blocked lipopolysaccharide-induced TNF-a
production (37). However, we found no effect on SEB-induced
TNF-a production by two PTK inhibitors, tyrophostin 23 and
AG1288 (Table 2). We also saw no effect of treatment of a
mixed culture with SEB on total PTK activity. A third PKA
inhibitor that we tested, genistein, did block both SEB-induced
TNF-a production and proliferation by about 50% (Table 2).
However, at the concentration used in this study (20 pM),
genistein has been reported to inhibit PKC as well (16). We
found that genistein inhibited induction of TNF-«a by the PKC
activator PMA (Table 3), suggesting that its effect on TNF-a
induction by SEB is through its inhibition of PKC. These re-
sults suggest that PTKs that are sensitive to the tyrophostin
inhibitors used in this study do not mediate SEB-induced
TNF-a production in mixed cultures of monocytes and lym-
phocytes in which lymphocytes are the primary producers of
TNF-a. Further examination of individual enzymes involved in
signal pathways may provide information clarifying the possi-
ble involvement of PTK activity.
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